also contribute to patterns of masting (Nilsson and WastIjung 1987 , Norton and Kelly 1988 , Smith et al. 1990 ). Before postulating adaptive significance of masting for a given species, it is important to determine the extent to which the observed variation in seed production is a response to annual variation in weather conditions and to what extent variation in seed production is an intrinsic physiological response. The latter would indicate that fluctuations in seed production are an evolved reproductive strategy. The objective of this paper is to evaluate these two possible explanations for variation in acorn production in three species of Missouri oaks, black oak (Quercus velutina Lam.), red oak (Q. rubra L.), and white oak (Q. alba L.).
The most parsimonious explanation of annual variation in acorn production is that seed crop size is dictated by weather conditions. Norton and Kelly (1988) hypothesized that weather conditions in certain years promote greater photosynthate production and/or are less stressful, and therefore enable the plants to produce more seeds. They call this the resource matching hypothesis because the trees are matching their reproductive output to the resources available each year. Weather might also determine seed crop size because certain aspects of the reproductive biology require specific weather conditions (for example, adequate fruit set may require dry weather conditions at the time of pollination). Both of these hypotheses could be categorized as weather tracking hypotheses because the annual variation in acorn production is a response to the weather conditions. Weather conditions can produce a tendency towards population synchrony of flowering or fruiting, but such synchrony would not by itself demonstrate that annual fluctuations are an evolved reproductive strategy. For it to be an evolved strategy, one would expect to find an alteration in the allocation of resources between mast and nonmast years (Norton and Kelly 1988) . For example, if a mast-fruiting strategy requires that the tree expend all or much of its resources to produce a large seed crop, then much lower acorn production would be expected in subsequent years. To our knowledge, no one has tested whether large seed production negatively affects future production in mast-seeding species. Thus, strong evidence supporting the hypothesis that mast-fruiting is more than just a response to weather would be an inverse relationship between acorn crop size and prior acorn production.
During the 8-yr period, 1981-1988, we monitored individual tree acorn production of black, red, and white oaks in a Missouri oak-hickory forest. We addressed the following questions: (1) Are annual fluctuations in acorn crop size in these three species due to mast-seeding, e.g., synchronous acorn production, or are different individuals producing large crops in different years? (2) Is large acorn crop size due to large flower crop size and/or high survival of those flowers to mature fruit? (3) To what extent do weather variables account for year-to-year variation in acorn production? (4) Is acorn crop size inversely related to prior acorn production? Answers to these questions should clarify the extent to which masting is an evolved reproductive trait in these oak species. Floral biology of study species. -The study species belong to two different subgenera of oaks: white oak is in the subgenus Quercus (=Leptobalanus), while black and red oak are in the subgenus Erythrobalanus. Among temperate species, the two subgenera differ in length of time between flowering and fertilization (Romashov 1957) . White oaks produce flowers in spring, which are fertilized and develop into mature fruit in autumn of the same year as they were pollinated. In contrast, black and red oak produce staminate and pistillate flowers during the spring of one year, but ovules are fertilized and the fruit mature in the following year. For all species, the staminate floral buds are initiated in the spring of the year prior to flowering and the pistillate floral buds are initiated in late summer of the year prior to flowering (Minima 19 Merkle et al. 1980 ). Thus, the full development of flower primordia to mature acorns spans 2 yr in white oaks and 3 yr in black and red oak.
METHODS
Field methods. -During the spring of 1981, 15 reproductive trees of each oak species were chosen. For each tree, we measured the dbh (diameter at breast height) and the area beneath the canopy drip line in 1981 and again in 1987. Canopy area was estimated by segmenting the area defined by the canopy drip line into an octagon and calculating the resulting area covered by the canopy. In 1982 and 1983, some of these trees were dropped from the study because they were not reproductive and were replaced with new ones. Consequently, for analyses based on the full 8-yr period, samples were 13 black oaks, 12 red oaks, and 15 white oaks.
We placed eight seed-collecting traps (trap area = 0.5 M2) under the canopy of each tree in sites not overlapped by the canopies of adjacent nonspecific oaks. The cone-shaped seed traps were constructed of clear plastic sheeting 150 ,4m (6 mil) thick with the mouth of the frame held open by galvanized wire (after Christisen and Kearby 1984). The traps were suspended above the ground and small drain holes were placed at the bottom of each trap.
From 1981 to 1988, trap contents were collected once weekly from July until mid-November when acorn fall has ceased. In 1984-1988, we began the collections in late April to assess female flower production and early fruit abortion. Lacking a way to determine when a female flower is fertilized and becomes an acorn, we group female flowers and acorns together in our analyses. Because the female reproductive structures were collected throughout the season, the total number of flowers and acorns provides an estimate of the total number of flowers initiated. For all three species, our seed traps underestimate the number of early season flowers because these small-sized flowers are blown in a larger area than that sampled by our traps. This problem may be even greater in black and red oak because these small flowers are held for an additional season. Nonetheless, our estimates of total flower crop size provide a good index of the year-to-year variation in flower number.
From April through July, female flowers and acorns were air-dried and counted, and the entire sample was weighed. After July, acorns were weighed individually and divided into two classes, immature and mature, based on size of the fruit and the position of the fruit with respect to the cap. They were then categorized further into one of three categories: (1) To analyze the effect of weather on acorn production, we first conducted a principal components analysis on the set of weather variables to reduce the large number of weather variables into a smaller number of independent, orthogonal composite variables. This approach was used because our 8-yr study provides only seven degrees of freedom and many of the weather variables were correlated with each other. The weather variables used were related to the period from the beginning of flower bud initiation through acorn maturation, 3 yr for red and black oak and 2 yr for white oak (see Table 1 ). The 17 weather variables for red and black oak and the 12 weather variables for white oak were reduced to 7 principal component variables.
To address the question of the effect of weather on Mature Acorn Crop, we conducted a forward stepwise regression separately for each species using the seven principal components as the independent variables but only using up to three principal components in the model at one time. For each species, the dependent variable was the average Mature Acorn Crop per year. The analyses for each species were based on yearly means rather than individual tree values of Mature Acorn Crop to avoid problems of pseudoreplication (Hurlbert 1984) .
To identify individual weather variables that may be useful predictors of acorn crop size, we included a correlation analysis of all weather variables with Mature Acorn Crop size. Given the large number of tests involved, this analysis is intended to illustrate potentially important variables rather than to statistically test the extent to which weather accounts for variation in acorn production.
To evaluate the impact of prior acorn production on 
RESULTS

Evidence for mast-fruiting
To estimate the extent of mast-seeding by each species, we used each tree's coefficient of variation (cv) for Mature Acorn Crop as an index of masting (Silvertown 1980). The cvs of red oak (133.6 ? 9.2% [mean ? 1 SE]) and white oak (135.8 ? 6.0%) were significantly greater than that of black oak (105 + 7.9%; ANOVA, F = 5.5, df= 2, 37, P < .01; Scheff& a posteriori contrasts, P < .05).
All three species showed significant year-to-year variation in size of Mature Acorn Crop ( Fig. 1 ; Table  2 ), a pattern consistent with masting. While the three species produced their lowest crop sizes during 1983 and 1984, they differed in the years of greatest acorn production (Fig. 1) . The best year for black oak was 1987, when 11 out of 14 trees produced their largest crop during the 8-yr interval (Table 3) . The best year for red oak was 1981, when 5 out of 6 trees sampled during that year produced their largest crop (Table 3) in one of those years (Table 3 ). These results illustrate that "mast years" are due to the synchronous production of large crops during the same years.
Within each species, individual trees showed tremendous variation (Table 3) , which resulted in a significant effect due to tree (Table 2) . Mean Mature Acorn Crop per tree was correlated significantly with canopy size for black oak (r = 0.75, df= 13, P < .01) and red oak (r = 0.83, df = 11, P < .00 1) but was not correlated with dbh. In white oak, the mean size of the Mature Acorn Crop was not correlated with either canopy area or dbh.
Proximate causes of casting
To address whether mast-fruiting is due to large flower crops or high flower survival to fruit, we used the 5 yr of data in which we estimated Total Flower Crop and Mature Acorn Crop. Total Flower Crop and Percent Flower Survival were significant predictors of Mature Acorn Crop for all three species (Table 4) . In black oak and red oak, percent flower survival explained much more of the variation in acorn crop size than did the size of the flower crop (Table 4 ). In contrast, total flower crop explained most of the variation in acorn crop size of white oak (Table 4) .
The pattern of flower/acorn fall within a year illustrates the ecological dynamics that contribute to a mast year (Fig. 2) . In an exceptionally poor year for acorn production, 1984, flowers were initiated for all three species, but there was an early peak of prematurely abscised acorns collected from the seed traps (Fig. 2) . In contrast, during a mast year, such as that of white oak 1985 or black oak 1987, the late season peak of acorn fall was greater than acorn fall during the early season (Fig. 2) . Remembering that the y axis is logO transformed, one can see that within a species, nonmast years were associated with high early season abscission and low-to-medium density of acorns in the late season. Black oak has late season peaks in 1985 and 1987, which were both good acorn production years (Fig. 2,  left column) . During 1984-1988, red oak never shows a late season peak (Fig. 2, middle column) ; this pattern is consistent with our observation that red oak did not have a superabundant acorn crop during those years as compared to the average crop size of 1981 (Fig. 1) . 
Impact of weather
The 17 weather variables used for the weather analyses involving black and red oak were reduced to seven principal components (Appendix A). The first principal component accounted for 30.3% of the total variation and was loaded highly with spring temperature during the year of fruiting, summer drought during the year of fruiting, and late spring frost during the previous year (Appendix A). The white oak weather analyses used 12 weather variables, which also were reduced to seven principal components (Appendix B). In this analysis, the weather variables loaded slightly differently than for the first set of variables used for red and black oaks. For example, the first principal component, which accounted for 32.2% of the variation, was correlated most strongly with mean daily maximum spring temperature on days without rain, mean daily maximum spring temperature, and summer temperature.
For black oak, the first principal component significantly accounted for the variation in mean annual Mature Acorn Crop size ( Fig. 3A ; R2 = 0.55, P < .05). Biologically, this result implies one or more of the following relationships: (1) that the warmer the spring temperature during time when ovule maturation and fertilization takes place, the larger the size of mature acorn production; (2) the latter the date of spring frost during spring when anthesis occurs, the lower the viable acorn production; (3) the greater the summer drought, the lower the viable acorn production. Of course, it is important to point out that because the variables are correlated with each other, it is difficult to select the single weather variable that is most important; indeed, all could be contributing to the observed pattern.
For red oak, the first principal component was also the best predictor of viable acorn production ( Fig. 3B ; R2= 0.89, P < .05). Again, while it is not possible to identify which weather variable is most responsible, it is striking that this composite weather variable accounts for nearly 90% of the variation in mature acorn production.
In white oak, the impact of weather is a little more complex (Fig. 3C, D) . Principal component 1 explained the largest portion of variation but only accounted for 39% of the variation in Mature Acorn Crop size and was not significant. The regression model of Mature Acorn Crop that was significant included principal components 1 and 7 (R2 = 0.77, df = 2,5, F= 8.42, P < .05). The variables that were most highly associated with these two principal components are listed on Fig. 3C, D . Three of these variables are associated with spring: mean daily maximum spring temperature, mean daily maximum spring temperature on days without rain, and number of spring days with rain. Other variables that loaded high with these principal components can be seen in Appendix B. Similar to that of black and red oak, white oak acorn production appears to be positively influenced by spring temperature.
To examine how single weather variables were associated with the developmental stages of flower initiation to mature acorn, we included the correlation Table 1 ). The year of acorn maturation is considered year 0. ? Red and black oak only. 11 White oak only.
coefficients for all three species (Table 5 ). Although we recognize that this approach can result in spurious correlations, it is interesting that spring temperature during the year of acorn development (Spring 0) was highly significant for all three species in spite of the fact that they have different bumper crop years and different lengths of acorn development. The three species also showed a negative correlation between summer drought and mature crop size (Table 5 ). The series of correlations also point to some potential differences among species. In red oak, the variables of rainfall and summer drought at the time of flower initiation (Summer -2) were significantly correlated with Mature Acorn Crop size. However, the strong correlations between these two weather variables and spring temperature (r = -0.90, P = .002; r = 0.67, P = .07, respectively) complicate interpretation of which variables might be causal.
Masting and resource allocation
The data showed that current acorn production was negatively correlated with prior acorn production but in a different pattern for each species (Fig. 4) . In black oak, there was a significant positive correlation between the size of the acorn crop 2 yr prior, and current acorn production (Fig. 4) . In addition, there was a highly significant negative correlation with the size of the acorn crop 3 yr prior (Fig. 4) . Thus, it appears that the acorn crop during the fall prior to flower bud initiation has a negative impact on acorn production. In red oak, the most significant correlation was a negative one between current acorn production and acorn production 3 yr prior (Fig. 4) . In addition, acorn production 1 and 2 yr prior was negatively correlated with current acorn production, while acorn production 4 yr prior was significantly positively correlated. In white oak, there was a significant positive correlation between current acorn production and acorn production 3 yr prior (Fig. 4) , while all other correlations were significantly negative.
Thus, for the 8 yr of crop sizes included in this study, the data suggest that black oak had a positive association between crop sizes every 2 yr, red oak had positive association between crops every 4 yr, and white oak had positive association between crop sizes every 3 yr.
To determine whether the lag effects described above could be caused by concurrent cycles of weather variables, we examined the autocorrelation of all weather variables in Table 1 
DISCUSSION
All three species showed year-to-year variation in acorn production, and individual trees within each population did so in a synchronous manner. These patterns are consistent with mast-fruiting. Of the three, red oak and white oak had larger indices of masting (cvs) than black oak. In contrast to community-wide synchrony found in other oak studies (Downs and McQuilken 1944, Burns et al. 1954 , Beck 1977, Christisen and Kearby 1984), the three species in this study produced their bumper crops in different years. Silvertown (1980) suggested that the fact that different species do not share good and bad years proves that climatic conditions are not a primary determinant of seed production. However, it could also mean that each species masts in response to different weather cues. In this discussion, we will first address whether number 
Role of weather in mast-fruiting
A major question we addressed in this study is the extent to which weather conditions contribute to mastfruiting in these oak species. To answer this question we included a broad range of weather variables covering the critical periods in flower initiation and development and acorn maturation for the mature acorn crop size during 1981-1988. In all three species, we found that weather explained a large proportion of the variation in acorn production. In black oak and red oak, the first principal component accounted for 55 and 89% of the variation in mature acorn crop size, respectively. Three single weather variables were highly correlated with the first principal component: summer drought, spring temperature, and date of last spring frost during the previous year. For white oak, a significant regression model, which required two weather variables, principal component 1 and principal component 7, accounted for 77% of the variation in acorn production. These principal components also included several spring weather variables. Thus, we find that not only can weather factors explain the majority of yearto-year variation in crop size, but the models point to spring weather conditions as important.
When we look at the single variable correlations with acorn crop size, spring temperature during the season of fruit maturation (Spring 0) was significantly correlated with acorn crop size for all three species. This pattern again suggests that this factor might be a crucial one. This finding is consistent with those of Sharp and Chisman (1961) and Sharp and Sprague (1967) , who report that spring temperatures are crucial to acorn production in white oak (Q. alba). In their work, they attribute the positive effect of spring temperature to its impact on pollen dehiscence and pollination success. However, because we found a positive effect of spring temperature for black and red oaks during the spring when fertilization but not pollination occurs, we suggest that spring temperature has a positive affect on ovule development and fertilization rather than pollination events. Of course, neither their study nor ours can identify causal mechanisms, but both concur that spring weather is a critical factor. In contrast to our findings that the most important weather variables occur during the same year of acorn maturation, other studies have found that weather during previous seasons may be important. Long-term studies of beech nut production (Mathews 1955) , seed production in loblolly pine (Wenger 1957) , and cone crop size of Douglas-fir (van Vredenburch and la Bastide 1969) all report significant correlations with weather events 1 or 2 yr prior. These findings indicate that weather may affect flower initiation. Thus, it appears that weather has a significant impact on seed production for a range of species. In the three species of oaks we studied, the impact is through flower to fruit survival rather than through flower initiation.
Mast-fruiting as a reproductive character
The next crucial question to address is whether the synchronous production of large and small seed crops by a population of trees is solely due to the impact of weather or is an evolved reproductive character. We agree with Norton and Kelly (1988) that mast-fruiting should be considered more than a response to weather conditions if it can be shown that a large seed crop is due to resource allocation. Our data demonstrate that acorn crop size is negatively correlated with prior acorn production. Moreover, the fact that each of the species fits a different pattern provides further support that mast-fruiting is an evolved trait that has been acted upon through selection differently for each of the three species.
The pattern of masting that we observed showed strong tendencies for certain year intervals to have negative correlations with current acorn crop and other year intervals to have positive correlations. We believe the most likely interpretation for these correlations is that the negative correlations indicate that a large crop x years prior will have an inhibiting effect on crop size during the current year. We also suggest that the significant positive correlations between crop size y years prior with the current acorn crop indicate that these species may have inherent cycles of producing mast crops. This possibility is seen most clearly in red oak and white oak. In red oak, the data support the interpretation of a tendency to produce mast crops every 4 yr: there were significant negative correlations between current crop and acorn production 1, 2, and 3 yr prior but a positive correlation between current acorn crop and acorn production 4 yr prior. In white oak, the autocorrelation analyses support the hypothesis that ihis species is on a 3-yr cycle; we observed negative correlations between current acorn crop size and acorn production 1, 2, and 4 yr prior, but we also observed a positive correlation between current acorn crop size and acorn production 3 yr prior.
A potentially confounding effect in our analysis of mast-fruiting cycles is the observation that some weather variables also showed significant autocorrelations. We found four significant correlations. The interdependence of two of those results in only three significant independent correlations, one more than we would expect due to chance at the 5% level, given the number of correlations we examined. It is impossible to rule out the possibility that one of these factors truly is responsible for synchronizing the masting cycles of the oak species. Two points nevertheless support the hypothesis that mast cycles are inherent rather than externally induced. First, that the three species showed different cycles and different mast years indicates that weather alone is not the only factor. Second, none of the weather variables showed a significant 3-yr autocorrelation that could account for the 3-yr cycle of white oak. Thus, we have one species without an identified weather factor to account for its cycling. Additional years of data should clarify the contributing role of weather in mast cycles.
Comments on the interaction of weather and reproductive cycles
Having demonstrated that certain weather variables are correlated with copious acorn production and that these oak species have tendencies to produce large acorn crops at specific intervals, the question remains as to how these two factors interact. We consider both factors to be important. We suggest that each species has its own tendency to produce large acorn crops at certain intervals: black oak every 2 yr, red oak every 4 yr, and white oak every 3 yr. Perhaps it takes approximately that interval of time to store or restore the resources needed for the next big acorn crop. However, because the trees are influenced by weather conditions, we do not expect to observe perfect mast cycles at the population level. The ability of trees to either build up resources for future acorn production or recover from the depletion of energy due to the last acorn crop will be influenced by weather conditions. Once a flower crop is initiated, subsequent weather conditions may modify the size of the resulting acorn crop. Therefore, we propose that weather is a critical factor, but it acts on top of the inherent tendencies of each species to produce acorn crops at certain intervals.
This information about the importance of weather and the hypothesized mast cycles can be used to predict good acorn crops. As long as the critical weather variables are average to above average in what should be a mast year, one should be able to predict crop size based on the inherent pattern for a given species at a given site. Black oaks, which show the lowest masting index, would be easy to predict because they will probably produce a larger than average crop every other year. In red oaks, one should expect a large acorn crop every 4 yr. White oaks have the tendency to produce a good acorn crop every 3 yr. Using these predictions, we anticipated bumper crop years for red oak in 1989 and white oak in 1991 with low intervening years. Indeed, these predictions were met (V. L. Sork, unpublished data).
In conclusion, the year-to-year variation we observe in these and probably other species of oaks is clearly more than a response to weather conditions. Although weather conditions influence acorn production, these species' inherent tendencies to produce bumper crops in different cycles support the notion that selection has favored the evolution of masting. Future work needs to address why masting has evolved in some oak species (see Sork, in press). 
